Epidemiologic results tend to suggest that adults with Down syndrome have a reduced incidence of cancer, but some studies have reached the opposite conclusion. In this study, we offer direct biological evidence in support of the notion that Down syndrome reduces incidence of multiple types of cancer. Previous studies showed that introduction of the Apc Min mutation into the Ts65Dn mouse model of Down syndrome by interbreeding caused formation of intestinal adenomas at a significantly reduced incidence compared with control (euploid) animals that did not have trisomy. To a large degree, this reduction was determined to reflect an increased dosage of the Ets2 tumor repressor gene due to trisomy. Studies of tumor grafts using Ts65Dn suggested angiogenesis as a mechanism that mediated reduced tumor growth, metastasis, and mortality in individuals with Down syndrome. To confirm and extend these findings, we employed the complex cancer mouse model NPcis, which is heterozygous for the Trp53 and Nf1 genes and through LOH develops lymphomas, sarcomas, or carcinomas with 100% penetrance. In this aggressive model, trisomy did not prevent cancer, but it nevertheless extended host survival relative to euploid littermates. However, protection in this case was not attributable to either Ets2 dosage or to reduced angiogenesis. Together, our findings indicate that the genetic complexity underlying Down syndrome supports multiple mechanisms that contribute to reduced mortality from cancer. Cancer Res; 71(10); 1-9. Ó2011 AACR.
Introduction
Down syndrome, a genetic disorder resulting from trisomy for human chromosome 21 (Hsa21), affects all cells in the body. Many effects are deleterious, including a significantly increased risk of acute megakaryoblastic leukemia in children with Down syndrome (1) . In contrast, some (though by no means all) epidemiologic studies have observed a lower incidence of cancer in this population after childhood (2, 3) . The observation that the incidence of many different types of cancer may be reduced in Down syndrome suggests that there might be a general mechanism by which trisomy affects tumorigenesis. Increased tumor immune surveillance, sensitivity to apoptosis in response to early tumorigenic events, or inhibition of angiogenesis could represent such mechanisms. Epidemiologic data alone cannot identify gene candidates, nor provide biological proof of mechanism.
Mice that are trisomic for genes whose orthologues are on Hsa21 have proven to be very useful in understanding the etiology of Down syndrome phenotypes (4) . In particular, the widely studied Ts65Dn mouse is trisomic for orthologues of about half of the genes (104 of 231) that are conserved between mouse and Hsa21 (5, 6) . Several Hsa21 genes have been identified as candidates for tumor repression (7) (8) (9) .
Endostatin, a cleavage product of the Collagen 18A1 gene, blocks tumor growth by inhibiting angiogenesis (8) . Similarly, overexpression of Rcan1 (formerly known as Dscr1) and Dyrk1a, both of which are trisomic in Ts65Dn mice, has been reported to inhibit growth of B16 melanoma as well as Lewis lung carcinoma xenografts in Ts65Dn mice by blocking angiogenesis (7) . Recent studies using Tc1 mice, which are trisomic for 81% of Hsa21 genes, attribute reduced angiogenesis in B16 xenografts and epithelial explants to 4 Hsa21 genes, ADAMTS1, ERG1, JAM-B, and PTTG1IP (10) . Although the role of Rcan1 in regulating VEGF to control angiogenesis has been known for some time (11) , its contributions to this process in trisomic xenografts are unclear because Tc1 mice have normal dosage (2 copies) of Rcan1 but show the same reduction in xenograft angiogenesis as do Ts65Dn mice with 3 copies (10) . Dosage of the Ets2 gene plays a critical role in repression of intestinal adenomas in the Apc Min model independent of either Rcan1 or Col18a1 dosage (9) . This effect may result from increased sensitivity of cells to p53-mediated apoptosis when Ets2 is overexpressed (12) . Thus, multiple genes and mechanisms appear to be involved in the repression of tumors in Down syndrome.
To address the generality of protection against cancer by trisomy, we used a complex cancer model, the NPcis mouse (NP). These mice carry null alleles for the adjacent tumor suppressor genes, Nf1 and Trp53, and develop several kinds of cancer due to LOH of the normal alleles (13, 14) . We crossed NP mice with Ts65Dn and compared survival, tumor growth properties, angiogenesis, and the role of Ets2 function on euploid and trisomic backgrounds to determine whether trisomy was protective in this complex tumor model.
Materials and Methods

Mice
C57BL/6J-NPcis mice (here referred to as NP) were kindly provided by Dr. Karlyne M. Reilly (National Cancer Institute, Frederick, MD; 15). B6EiC3Sn a/A-Ts (17 16 )65Dn (Ts65Dn) mice were obtained from The Jackson Laboratory and maintained by breeding females to male (C57BL/6J Â C3H/HeJ) F1 mice. C57BL/6J-Ets2 þ/À mice were generously provided by Dr. Michael Ostrowski (Ohio State University, Columbus, OH; 16). Mouse tail DNA was used for genotyping. NPcis and Ets2 þ/À mice were genotyped by PCR as described (15, 16) . Ts65Dn mice were screened by PCR and confirmed using FISH (17, 18) . All procedures were approved by the Johns Hopkins Animal Care and Use Committee.
Tumor analysis
Mice carrying the NP mutations were maintained until tumors developed. Mice were sacrificed if they had any of the following signs: (i) visible tumor size greater than 2 cm in diameter; (ii) no obvious tumor but with little movement and rough hair; and (iii) no obvious tumor but with abnormal behavior indicating a possible brain tumor. All major organs were examined grossly. Tumor and brain tissues were fixed in formalin and then embedded in paraffin. Hematoxylin and eosin (H&E)-stained slides were used to categorize tumor type, and partial tumors were further characterized by immunostaining.
Immunohistology
Brain samples were stained with polyclonal rabbit anti-GFAP (glial fibrillary acidic protein) antibody (1:500; Dako). Sarcomas were stained with polyclonal rabbit anti-S100 (1:400; Dako). Lymphomas were stained with polyclonal rabbit anti-CD3 (1:100; Dako) and polyclonal mouse antiPax5 (1:500; BD Pharmingen). Rabbit IgG was detected by biotin-SP-conjugated goat anti-rabbit IgG (H þ L; 1:500; Jackson Immunoresearch), biotin was detected using the Vectastain ABC Peroxidase Kit (Vector Lab), and mouse IgG was detected with the M.O.M. Peroxidase Kit (Vector Lab) and DAB (3, 3 0 -diaminobenzidine) substrate development (Vector Lab). Endogenous peroxidases were blocked by 3% hydrogen peroxide in methanol. Slides were counterstained with hematoxylin, dehydrated through series of ethanol and xylene, and preserved with clarion mounting medium. TUNEL (terminal deoxynucleotidyl transferasemediated dUTP nick end labeling; Roche) was done following the manufacturer's instruction.
Microvessel density count
Paraffin-embedded, 6-mm tumor sections were immunostained for CD31 (1:50; Abcam). The number of discrete microvessels was counted using image analysis software (NIS-Elements BR3.0). Discrete microvessels were identified as any highlighted endothelial cell separated from adjacent microvessels.
DNA extraction from paraffin-embedded samples
Four 30-mm sections were cut from formalin-fixed and paraffin-embedded tumor samples and incubated in xylene at 45 C for 15 minutes. Pellets were collected by centrifugation at 14,000 rpm for 10 minutes and washed successively with 100%, 90%, and 70% ethanol, resuspended in 1 mol/L NaSCN, and incubated at 37 C overnight. The extract was digested with proteinase K at 55 C, extracted with phenol followed by ethanol precipitation, and resuspended for analysis (19) .
TaqMan probes for gene dosage determination
Apob probes and primers are from Liu and colleagues from The Jackson Laboratory (20) . TaqMan assays for Rcan1, Mx1, and Jam2 genomic sequences were designed using ABI online software (ref. 21 ; sequence in Supplementary Information).
Xenografts
TCL.Np1 and TCL.Np2 lines were established from resected mouse sarcomas as previously described (15) . The pigmented B16-F10 (CRL-6475) melanoma cells were obtained directly from American Type Culture Collection (ATCC) and made into multiple low-passage freezer stocks and were shown to contain 3 mouse genes by species-specific PCR. For xenografts, 50,000 cells were injected into flanks of H2-compatible mice. Four weeks later, xenografts were resected, weighed, fixed in formalin, embedded in paraffin, and stained for TUNEL, CD31, and Ki67 for analysis. Five images were taken with each slide and analyzed using NIS-Elements BR3.0 software. The number of stained cells divided by the sum of all cells was reported.
Statistical analysis of NPcis tumors on different strain backgrounds
Data were reported as mean AE SD. P values were calculated using Student t test (Excel). Log-rank test, c 2 test, and Fisher's exact test were computed using R with survival package (22) . A Kruskal-Wallis test was done manually in Excel according to definition (23) . Power analysis was done using University of Iowa statistics package (24) .
Results
Trisomy extends survival of NPcis mice
Ts65Dn mice cannot be inbred more than 3 generations and are maintained as an advanced intercross (C57BL/6J Â C3H/ HeJ)F n (genetic background is 50% B6, 50% C3H on average). Because both the NPcis and Ets2 null alleles are maintained on a B6 background, we generated mice with a range of B6 representation in their genomes. In accordance with a previous report (25) , we found similar survival times on either the B6 or a mixed 75% B6, 25% C3H background (log-rank test; P ¼ 0.232, n ¼ 37 and 36, respectively; Supplementary Fig. S1A and B). On the basis of this result, we included data from both stages of the cross in the following analyses.
The NPcis mutation was transmitted at Mendelian frequencies. Survival curves for NP and NP65 mice showed that life span was extended significantly in trisomic mice (median survival was 145 and 188 days, log-rank test; P ¼ 2.4e-5, n ¼ 102 and 28, respectively; Fig. 1A ). Thus, trisomy has a protective effect against mortality from cancer in this complex model. Ets2 dosage had no effect on survival in the NPcis model ( Fig. 1B and C) . Survival time was not significantly different between NPcis mice carrying a null allele of Ets2 (ENP, 1 copy of Ets2) and NP mice with 2 copies (log-rank test; P ¼ 0.90). NP65 mice (3 copies of Ets2) had a similar life span to ENP65 (2 copies of Ets2; log-rank test; P ¼ 0.22).
Extended survival by NP females compared with males has been observed in previous studies (26) and was evident here, as well, for both trisomic and euploid mice ( Supplementary  Fig. S1C-F) . The reasons for this sex difference remain unclear. Trisomic female NP65 mice survived significantly longer than did euploid NP females (P < 0.0002; Supplementary Fig. S1E ). The number of male Ts65Dn mice recovered was substantially less than the number of trisomic females (Supplementary Tables S1 and S2 ; Supplementary Fig. S2 ), and the relatively small number of males did not power meaningful statistical comparison after parsing by genotype, tumor type, and sex. Median survival of male NP65 mice was similar to that of male NP mice (144 and 136 days, respectively; Supplementary Fig. S1F ).
To ensure that the survival data were not skewed by the lower proportion of males in the trisomic set (37% vs. 50% males in the euploid set), we randomly selected a subset of euploid males to combine with euploid females so as to match the sex ratios in the trisomic set (i.e., 37% males) and repeated the analysis in Fig. 1A . A similarly robust, significant extension of survival was found in each of the 3 iterations of this exercise. Because there is no evidence for a sex bias in tumor protection in people with Down syndrome (3), nor statistical support for skewing here, we proceeded with combined euploid versus trisomic data sets. Our analysis does not exclude the possibility of a small, trisomy-specific, sex-influenced differential response to the NPcis mutation.
Trisomy alters the tumor spectrum in NPcis mice
We assessed gross and histologic characteristics of all tumors and determined their frequencies (Fig. 2 ). As expected, we observed multiple soft tissue sarcomas, adrenal tumors, lymphomas, and brain lesions (14) . Most of the sarcomas that we observed were malignant peripheral nerve sheath tumors (MPNST). Histologically, MPNSTs are composed of spindleshaped cells and high-grade MPNSTs exhibit high cellularity with marked nuclear pleomorphism ( Fig. 2A; ref. 27 ). Twentynine of the 34 soft tissue sarcomas (85.3%) stained positively for S100B (Fig. 2B) .
The incidence of sarcoma in trisomic mice was significantly reduced (Fisher's exact test; P ¼ 0.0001). Eleven of 32 (34.4%) tumors were sarcomas in the trisomy group, whereas in the euploid group, 92 of 126 (73%) were sarcoma ( Fig. 3A and Supplementary Table S3, Supplementary Fig. S2 ). Both euploid and trisomic mice without sarcoma survived longer than mice that developed sarcoma ( Fig. 3B and C) . Ts65Dn did not extend survival of mice with sarcoma (median survival of 142 and 145 days in NP and NP65, respectively; Fig. 3D and Supplementary Fig. S3 ) but did extend survival significantly in Survival of NPcis mice is extended by trisomy and not affected by Ets2 dosage. A, median survival was significantly longer for NP65 (trisomic) mice than for NP (euploid; log-rank test; **, P ¼ 2.4e-05, n ¼ 102 and 28 for euploid and Ts65Dn, respectively). B, euploid mice with 1 (ENP, n ¼ 29) or 2 (NP, n ¼ 73) copies of Ets2 had the same median survival (log-rank test; P ¼ 0.90). C, Ets2 dosage had no effect on median survival of trisomic mice with 2 (ENP65, n ¼ 10) or 3 (NP65, n ¼ 18) copies (log-rank test; P ¼ 0. Table S3 ). Adrenal tumors were the most frequent type in NP65 (Fig. 2C) . These tumors were located adjacent to and invading the kidney and were bloody with hemorrhage and necrosis. They displayed large, round cells with eosinophilic cytoplasm, high nuclear grade, and diffuse architecture and were negative for lymphoma markers (Fig. 2D) . The incidence of adrenal tumors as a percentage of total was significantly higher in trisomic NP65 mice compared with euploid (Fisher's exact test; P ¼ 0.0014). Among the NP65 group, 11 of 32 (34.4%) were adrenal tumors whereas the frequency for euploid mice was 12 of 126 (10%; Fig. 3A ).
All but 3 of the lymphomas identified here were T-cell lymphomas composed of cells with a round shape and prominent basophilic nucleoli (Fig. 2E ). They were strongly positive for the T-cell marker, CD3 (Fig. 2F) , and negative for the B-cell marker Pax5. B-cell lymphomas were identified in spleen, 2 in NP, and 1 in NP65. Trisomy did not significantly alter the incidence of lymphoma (11% in euploid, 18.8% in trisomy; Fisher's exact test; P ¼ 0.24).
Brain lesions, including astrocytoma and neuroblastoma, have been observed in NP mice (13, 14) . We screened brains histologically to detect abnormal cell growth and anaplastic morphology (Fig. 2G) . GFAP staining confirmed the diagnosis of astrocytoma (Fig. 2H ) in all but 2 of the brain tumors, which had characteristics of neuroblastoma. The incidence was not significantly different between trisomic and euploid mice (6.4% euploid, 12.5% trisomy; Fisher's exact test; P ¼ 0.26) and was lower than reported previously (25) . This is due, in part, to the fact that we screened for tumors in the brain but not in the spinal cord and thus would expect to see fewer than if both tissues were considered. In addition, the NPcis haplotype was always inherited from males in this study, whereas it has been observed that the progeny of males have less astrocytoma due to an unknown epigenetic factor (25) .
A substantial fraction of mice had more than 1 tumor at the time they were sacrificed. This frequency was not affected by ploidy (Fisher's exact test; P ¼ 0.48), as 31 of 102 in euploid mice and 10 of 26 trisomic mice developed more than 1 tumor (Supplementary Table S1 ).
Tumor growth properties are affected by trisomy
Extended survival of NP65 mice compared with their euploid counterparts can be explained in part by the shift in tumor types away from sarcoma and toward adrenal tumors, as median survival time with sarcoma was significantly shorter. We examined several additional growth parameters of tumors that could contribute to the extended survival of NP65 mice.
Tumor mass was highly variable even within a given type of tumor, so although some trends were recognized, tumor size was not significantly different between the NP and NP65 groups (Fig. 4A) . Proliferation, measured as percentage of Ki67 þ cells, was significantly reduced in sarcomas that occurred in trisomic mice compared with euploid (P ¼ 0.023). However, we did not observe a significant proliferation reduction in lymphomas or in adrenal tumors (Fig. 4B , Supplementary Fig. 4A ). We found no difference in the frequency of apoptosis by TUNEL staining between NP and NP65 in either sarcoma or lymphoma; however, apoptosis was significantly elevated in adrenal tumors in trisomic mice (P ¼ 0.04; Fig. 4C, Supplementary Fig. 4B ). The average mass of adrenal tumors was somewhat lower in NP65 mice, although this trend was not statistically significant.
The extra chromosome was retained in trisomic tumors
Extended survival time of trisomic NPcis mice, the observation that trisomic mice carrying the Apc Min mutation form fewer intestinal tumors (9) , and the reduction in mortality from cancer in individuals with Down syndrome (3) raise the question of whether loss of the extra chromosome is required as an early step for the cells to become transformed. Trisomy in the Ts65Dn mouse model occurs due to an extra freely segregating chromosome, as it does in most people with Down syndrome. To isolate tumor DNA with minimal contamination by neighboring nontransformed cells, we took thick sections of paraffin-embedded tumors and removed central portions of the tumor. DNA was extracted and assessed for the presence of Trp53 and Nf1 genes. Because tumors are initiated by LOH, deleting the single copies of these genes, their presence is indicative of contamination of the tumor sample by nontransformed cells. As expected, we saw no or a significantly reduced signal for the wild-type forms of both genes in all tumor samples (Supplementary Fig. S5 ).
We then measured gene copy number as a surrogate for trisomy in NP65 tumors. DNA was extracted from 6 tumors (5 with matched brain samples) from euploid mice and from 12 tumor samples (10 with matched brain samples) from Ts65Dn mice. Three genes that span the trisomic chromosome in Ts65Dn, Jam2, Rcan1, and Mx1 were quantified using a TaqMan assay, and dosage levels for these genes were compared with a disomic control gene, Apob. We reasoned that the ratios of the Mmu16 genes to control should be 1:1 or 1.5:1 in nontransformed brain tissue of euploid or trisomic mice, respectively, and that the ratio in trisomic tumors would be 1:1 if the extra chromosome were lost systematically or very early in the transformation process and 1.5:1 if it were not.
The mean ratio of Mx1 to Apob in brain from 1 individual was arbitrarily set to 1.0, and all euploid mice showed a value close to 1.0, whereas trisomic mice showed an average ratio of 1.4 in brain and 1.2 in tumors (Fig. 5A ). Rcan1 and Jam2 results followed a similar pattern. Rcan1:Apob ratios were near 1.0 in euploid and 1.4 in trisomic brain, with a ratio of 1.3 in trisomic tumors. Jam2:Apob ratios were 1.1 in euploid and 1.4 in trisomic brain, with a ratio of 1.6 in trisomic tumors.
We then disaggregated a sarcoma from an NP65 mouse. FISH was done with a bacteria artificial chromosome (BAC) that recognizes a Mmu16 segment contained in the Ts65Dn Research.
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The slightly lower than theoretical 1.5 level in trisomic tumors could suggest that some cells have lost the extra chromosome or that the chromosomes containing the control gene were differentially amplified relative to Mmu16 in aneuploid tumor cells. Even if some cells lose the marker chromosome, the observation that the overall ratio in trisomic tumors is significantly higher than that in euploid in all 3 comparisons and the results from FISH of primary tumor cells indicate that loss of the extra chromosome is not a necessary or frequent early event in tumors arising from trisomic cells.
Neither endogenous tumors nor xenografts showed angiogenesis deficits
Reduced growth of xenografts in Ts65Dn as compared with euploid hosts has been reported multiple times and ascribed to reduced angiogenesis in tumors that arise in trisomic hosts. The reduction in angiogenesis has in turn been attributed to dosage effects of at least 6 different trisomic genes (7, 10, 28) . NP65 mice provided the opportunity to examine angiogenesis in endogenous tumors arising in NP and NP65 mice, where not only the microenvironment but also the transformed cells themselves were trisomic.
We identified capillaries in euploid and trisomic tumors with a CD31 antibody as described (Supplementary Fig. S6 ). Microvessel density (MVD) was determined using 2 different procedures, a widely employed "hot spot" method (29) and a general survey of vessel formation throughout the tumors. Similar results were obtained with either method. Contrary to expectations from previous xenograft experiments, we observed no difference in MVD between sarcomas and adrenal tumors that arose in trisomic hosts compared with euploid (Fig. 4D) .
Given previous observations that Ts65Dn mice showed reduced MVD in xenografts produced from B16 and Lewis lung carcinoma cell lines, it was somewhat surprising that endogenous tumors in trisomic mice did not show any reduction in angiogenesis. We conducted the xenograft assay using B16F10 cells (ATCC) to produce 14 xenografts in euploid and 16 in Ts65Dn mice. As reported, angiogenesis was reduced in B16 xenografts made in Ts65Dn mice (ref. 7; Fig. 6A ).
To extend this observation, we carried out a xenograft experiment with 2 independent sarcoma cell lines, TCL.Np1 and TCL.Np2, that we established from sarcomas originating in euploid NP mice. Sixteen xenografts of TCL.Np1 or 2 were produced in euploid mice and 9 in Ts65Dn. We found the tumor mass of TCL.Np xenografts in Ts65Dn was significantly less than in euploid mice (average mass of 256.3 mg vs. 508.5 mg; P ¼ 0.0006; Fig. 6B ). The mass reduction in Ts65Dn was correlated with a reduced Ki67 þ cell ratio, that is, Ts65Dn
hosts had a significantly lower percentage of dividing cells than did the larger tumors in euploid hosts (Fig. 6C) . We found no difference in MVD between tumors arising in trisomic or euploid hosts (Fig. 6D) . TUNEL staining also did not reveal a significant difference in the level of apoptosis between the different hosts. Thus, it appears that proliferation rates, and not inhibition of angiogenesis, contribute to reduced xenograft growth in Ts65Dn for these newly derived, relatively low-passage sarcoma cell lines.
In further experiments, we also compared growth of xenografts of the TCL.Np1 and 2 tumor cell lines in NP, ENP, NP65, and ENP65 mice. We observed no effect of Ets2 dosage on tumor mass or MVD (Fig. 6B-D) .
Discussion
Epidemiologic studies of Down syndrome suggest that trisomic individuals are protected against multiple types of cancer (3, 9) . Here, we provide biological evidence for this protective effect. The NPcis mouse develops sarcomas, carcinomas, and lymphomas (13) , and mortality is 100% in this extremely aggressive cancer model. Trisomy did not reduce the penetrance of tumorigenesis; however, life span was extended significantly.
The reasons for extended survival were complex. One reason for this pattern was that Ts65Dn mice were resistant to sarcoma. The resulting shift in the pattern of tumors away from a rapidly lethal sarcoma that represented the majority of tumors in euploid mice meant that trisomic mice were likely to survive longer. It is worth noting that the peripheral nerve sheath is a neural crest-derived tissue and in Ts65Dn mice, reduction in delamination, migration, and proliferation of cranial crest underlies the midface skeletal hypoplasia characteristic of these mice and of Down syndrome (30) . Regardless, this shift away from sarcoma was not the whole explanation for the cancer phenotype, as trisomic mice with tumor types other than sarcoma (30) survived longer than their euploid littermates without sarcoma (Fig. 3, Supplementary Fig. S3 ).
Repression of tumorigenesis by trisomy could involve any of a number of mechanisms, and 2 possible sources of protection have been described previously. Increased expression for a number of genes on Hsa21 has been correlated with reduced angiogenesis of xenografts implanted in trisomic as compared with euploid hosts (7, 10, 28, 31) . As a protective mechanism, reduced angiogenesis would likely affect later stages of tumor progression and metastasis and thus might be expected to be associated more with reduced mortality than with reduced incidence of cancer. We found that the effect of trisomy on angiogenesis in xenografts was cell line specific. Newly established tumor cell lines that grow more slowly than the B16 and LLC lines traditionally used in these studies did not show a reduction in MVD when grafted into trisomic hosts compared with euploid. Instead, we observed that reduced xenograft mass in trisomic hosts was correlated with reduced cell proliferation relative to the same tumors in euploid mice. Of more relevance, endogenous tumors showed no differences in angiogenesis between trisomic and euploid mice.
A second protective mechanism more tightly linked to incidence can be seen in the occurrence of intestinal tumors in Apc Min mice. Tumor load is significantly reduced in Ts65Dn mice carrying this mutation, and this outcome is closely associated with dosage of the Ets2 gene (9) . We posited that increasing Ets2 dosage in trisomic cells might sensitize cells to Trp53-mediated apoptosis (32), thereby enhancing elimination of tumorigenic cells very early in the process of transformation. This mechanism would not be operative in tumors formed in the NPcis model, as loss of Trp53 is an initiating step in tumor formation. Indeed, Ets2 dosage made no contribution to survival in NPcis mice. Furthermore, we found no effect of Ets2 dosage on tumor mass or MVD in xenografts of NP tumor cell lines on a euploid or trisomic background.
We also examined the possibility that loss of the extra chromosome is a necessary step in neoplastic transformation of trisomic cells. Any additional step in the transformation process would be assumed to reduce or delay the onset of tumorigenesis; indeed, removing one such barrier to transformation is the basis of the high tumor frequency in the NPcis model. However, trisomic sarcomas retained a relative gene dosage of trisomic to disomic genes of about 1.5 and also retained the supernumerary chromosome by FISH analysis. The NPcis cancer model is highly complex, and the responses in trisomic mice are equally so, suggesting that protection against cancer mortality in Down syndrome is influenced by multiple trisomic genes affecting a number of cellular properties. Life span was significantly extended in trisomic mice with a variety of cancers, and this extension was independent of known mechanisms of trisomic tumor repression. The occurrence of tumor repression in Down syndrome provides an important approach to cancer prophylaxis that has been identified thanks to the genetic legacy of persons with Down syndrome.
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